Abstract: Looking at different operating climatic conditions, the electrical behavior predicting photovoltaic modules gets very important. For the estimation of output power from photovoltaic (PV) plants this is a very essential and basic aspect. In this paper, the relationship between the I-V curve and the irradiation spectrum is discussed by combining the single diode model. An explicit elementary analytical model with two defined shape parameters is discussed and improved with three approximations and second order Taylor expansion. Then, the explicit elementary analytical model is investigated under varying conditions leveraging the four parameters Iph, I0, Rs and Rsh from the single diode model. The relationship between the physical parameters and the condition parameters are discussed and applied to extract the shape parameters at different scenarios. Considering the aging effect, the process of calculation to predict the I-V curve under different splitting spectra is simplified as follow: (1) 
Introduction
Photovoltaic power generation technology was greatly improved and widely used all over the world since it's invented [1] . Because the photovoltaic cell can't utilize all the wavelengths of sunlight effectively, there are many applications of systems combining several kinds of photovoltaic cells to get a higher system efficiency. The idea of utilizing specific ranges of sunlight spectrum for various kinds of photovoltaic cells was firstly presented in 1955 by Jackson [2] and firstly experimentally demonstrated in 1978 by Moon et. al [3] . Many studies were carried out in this field to improve the efficiency of photovoltaic systems [4] [5] [6] [7] . There are also many papers about Hybrid Photovoltaic (PV)-Thermoelectric (TE) systems which is another kind of splitting technology emerged in recent years. The PV-TE systems make part of solar radiation available for PV generating system [8] . The rest of solar radiation is concentrated on the TE system for producing electricity by the thermoelectric effect. Thus the PV-TE systems further reduce the heat at the solar cells and improve the efficiency of the whole systems [9, 10] . Photovoltaic power generating systems are also combined with some concepts different than power generating systems. For example, a photovoltaic-greenhouse system had been proposed by Sonneveld et al [11, 12] . In this case photosynthetically active radiation is transmitted through the film that is coated on the glass roof of green houses for plant growth. The film has a total reflection in the near infrared (NIR) region. Therefore, solar panels can leverage NIR that is reflected and concentrated for power generation. For the systems with different combinations, the spectra of beam splitting are quite diverse. This situation requests an effective and precise way to predict the I-V curve of the PV panel under different irradiation spectra.
To get the I-V curve for a PV panel, a circuital equivalent model is needed. Among the models which are used in the papers for PV panel simulation, the one diode equivalent representation model is more common than other models such as two/three diodes equivalent representation models. This single diode model is also well known as five-parameter model since the current-voltage (I-V) curve in this model is determined by five parameters [13] [14] [15] .. The equation received directly from the single diode model is a transcendental equation that is implicit. Therefore, the exact analytic solution of I-V curve can't be obtained directly. Many approaches have been carried out to extract the parameters in the single diode model [16, 17] . Because of the complexity of the implicit model, the calculation of the I-V curve normally requires the parameters from the manufacture data sheet and it takes more time to approach the output current with the voltage of PV cells or panels. Many methods of the analytical explicit model of I-V characteristic have been investigated in the last two decades [18] [19] [20] [21] [22] [23] [24] [25] . One kind of these methods expressing the I-V characteristic based on the Lambert W-function. This method is an exact expression derived from the physical model [15, 26] . The other methods are in terms of elementary approach. The models based on these methods are more widely used in the practical application because of their simplified form. Karmalkar et al. presented an explicit model with defined shape parameters. They combined the explicit models and the single diode model to identify the relationship between the five physical parameters and defined the shape parameters [18, 21] . With this relationship, the five physical parameters can be calculated or numerically approximated with just few measurements. Furthermore, the whole I-V curve and maximum operating point of the PV panel can be determined without tracking the output current and voltage until open circuit from short circuit. PV systems are used under different conditions considering mainly changing temperature and irradiation. It is well known that the efficiency of PV cells decreases with increasing temperature and decreasing light intensity. There are many studies discussing the mathematical model of this phenomenon. In PV systems with spectral separation, the spectral response of the solar cells is typically used only to determine the photocurrent [5] . The changing irradiation spectrum is converted into the changing light intensity so that the photocurrent can be obtained under different spectrum condition [27] [28] [29] . The relationship between the five parameters and operating conditions can be used to develop a model to predict the I-V curve. Yunpeng Zhang et al. put forward a flexible and reliable method leveraging a few measurement at measurement reference conditions. This method is convenient for the practical application with the changing physical parameters in the photovoltaic panel working life [30] .
In this paper, we propose a simplified elementary method for a PV panel which can predict the I-V characteristic under varying spectral conditions with two defined shape parameters. This explicit expression was directly derived from a physical model and improves the reduction of errors compared to previous methods. The two defined shape parameters are expressed directly by the values at standard reference conditions (SRC) or measurement reference conditions (MRC) and the solar spectrum after separation. The relationship between shunt resistance and irradiation spectrum is discussed combining the spectral response. Considering the aging effect, the process of calculation to predict the I-V curve under different splitting spectra is simplified as follow: (1) 
Single diode model
The physical model of a solar cell in a solar panel can be described as a single diode model such as shown in Fig. 1 . The model contains a light-induced current source, an ideal diode, a series resistance and a shunt resistance. The light-induced current source provides photocurrent when the irradiation reaches the surface of solar cells based on photoelectric conversion. As it is well known, this model has five parameters: photocurrent (Iph), shunt resistance (Rsh), series resistance (Rs), saturation current under reverse bias (I0) and the ideality factor of diode (n). 
The equations (2) and (3) 
Putting equation (5) and (6) into equation (7), the equation (7) can be expressed as follow:
To simplify the equation (8) 
Thus, this term can be ignored.
Ⅱ. Approximation 2 is about the term
Considering short circuit condition with V = 0 and place it into equation (5), this part can be expressed as equation (10). 
For most solar cells, the value of saturation current is much lower than output current so that I0/Isc << 1 (normally I0/Isc < 10 -4 ). 
After transforming into equation (11), the (1
is considered a voltage independent constant.
The error caused by approximation 3 is the main error in this model. However, the error can be reduced by adjusting the expression of the term
After these three approximations as shown above, the equation (8) can be changed into (12) (1 )
Then it is easy to see that the equation (12) can be simplified with two defined parameters (linear parameterγand exponent parameter m) as follows:
The form of equation (13) can be simplified by a Taylor exponent expending row:
If the equation (14) is approximated in the first order, it can be modified into equation (15) .
This form of the explicit I-V model is provided and discussed by Karmalkar et al. and allows an easy closed-form estimation of the entire I-V curve [18, 31] . The predictability of this method was verified, and the scope was expanded to a wide range of solar cells made out of various materials [32] . The two defined shape parameters can be derived from few measurement I-V points as well as five physical parameters in the single diode model. There is an explicit elementary expression with two shape parameters in this analyze method for the fill factor and the maximum power point. This method is proved that it fits better than the other methods for describing the performance of a PV panel [33] . The method can be widely used in practical applications because of the easy calculation avoiding the difficulty of measurements and numerical approaching in parameter extraction. This method can be improved by adding the second-order term in the Taylor expansion. In this way, the equation (13) can be changed into equation (16) 
In this explicit analysis of I-V form, the normalized current imp and normalized voltage vmp at maximum point can be gotten by:
Then imp and vmp are represented as follow:
The equation (16) , (19) and (20) 
Explicit elementary analytical under varying conditions
In the single diode model, four parameters Iph, I0 ,Rs and Rsh are considered to be related to temperature and irradiation intensity. By defining the ratio of these four parameters at different conditions with varying temperature and irradiation, the following equations result : (21), (23), (25) , (26) with the value of parameters at MRC and equations (27) - (30) .
The short-circuit current Isc MRC and the open-circuit voltage Voc MRC at MRC can be measured directly.
Considering that the physical parameters can be changed during the working life [33] , the shape 
] / ln( ) 2
Therefore, by using equations (35) and (36), there is only one parameter n to identify the I-V curve under varying conditions. The parameter n is independent of the temperature and irradiation, so it can be received from the datasheet provided by manufacturers as well as the I-V curve at MRC [32] .
The maximum point ( , )
MRC MRC mp mp v i
at MRC can be extracted by the formula (19) , (20) and the measurements at MRC. Therefore, the identification of I-V characteristic at varying conditions is turned into how to obtain the relationship of the physical parameters between MRC and varying conditions.
When the spectra of the irradiation are different because of the spectral separation Spl(λ) in power generating systems, the changing must be considered with the spectrum response of the solar panels
Rs(λ) and the solar irradiation spectrum S(λ).
The spectral ratio parameter k1 is defined as follow:
the ratio of the photocurrent (Kph) and the ratio of the saturation current(K0) can be extracted with the temperature [34] .
In equations (39) , the slope of the short-current and temperature αph can be extracted by the slope of voltage and temperature βoc which both are provided by some manufacturers.
In equations (39) 
where the Eg(0) = 1.166 eV, αE = 0.473 meV/K and β = 636 K (Zeghbroeck, 2011) .
For the shunt resistance of the solar cells, the ratio Ksh is used to be considered as S MRC /S [22, 24] .
But some papers show that most of the shunts are process-induced, such as edge shunts, cracks, holes, scratches or aluminum particles, rather than material induced shunts [37, 38] . These effects depend on the carrier in the solar cells related to the irradiation spectrum and the spectral response. In Ruschel C S (2016) [38] , the relationship between shunt resistance and irradiation intensity of solar cells made from various materials are presented in different ways. At monocrystalline fitting conditions, the ratio expression for shunt resistance Ksh with different irradiation spectra can be expressed as follows:
In many papers, the series resistance Rs is considered as a constant which is independent of the temperature and irradiation. However, some researches show that series resistance decreases with irradiation intensity [39, 40] . The expression of the relationship between Rs and S hasn't been provided in these papers, so it should be discussed and simulated before any prediction is done.
5.Validation
The validation experiments were performed with a monocrystalline silicon photovoltaic module. The m MRC and γ MRC can be extracted from equations (35) and (36) with the corresponding shape parameters. The shape parameters of the measurement data at MRC conditions are listed in Table 1 . It can be verified in Figure. 2 that the improved model with second order approximation is more accurate than the model with first order approximation as discussed in Karmalkar (2008) . There were seven kinds of films used in the experiments. The transmission spectra of the films are shown in Figure. 3. The spectral ratio parameter k1, the temperature T and the solar irradiation intensity S of the reference condition for each film are listed in Table 3 . Table 2 The proportional parameter k1, the irradiation S, the temperature T and the series resistance Rs. The prediction of the I-V curve and P-V curve for the film as it was calculated and discussed by our improved model shown above is compared with the prediction as calculated model in Yunpeng (2017) which used the explicit expression proposed in Karmalkar (2008 ). caused by the value of Rs which considered as a constant independency on the irradiation intensity. In the improved explicit model, the value of Rs is well fitted so that the value of parameter m is more accurate as shown in Table 4 .
Conclusion
In 
